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ABSTRACT

This report describes the theory used to calculate supersonic
flow in plug nozzles and the computer program based on this theory.
Flow properties are calculated by the method of characteristics. Sauer's
transonic theory is used to determine the starting line and Korst's

technique is used to calculate the base pressure.
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LIST OF SYMBOLS

A Area, ft?

a Sound speed, ft/sec

C, Crocco number, defined in Equation 25
M Mach number

m Mass flow rate, lbm/scc

Mg Momentum flux, lbf

Mp, Pressure thrust, lbf

Mred Reduced Mach number, defined in Equation 36

P Pressure, 1bf/ ft?

Py Base pressure, lbf/ft?

RT Radius from the throat to origin, ft

s Entropy, ft¥/sec?, °R

T Temperature, °R

v Velocity

a,v Velocity components in X, y direction

X,V Cartesian coordinates, ft

;,? Reference coordinates as shown in Figure 4, ft
Vs Radius of nozzle throat, ft

Greek Symbols

a Defined in Equation 24, £

1
B Mach angle, sin™! (_ﬁ)




e
wn

Ratio of specific heats

Flow angle

Prandtl-Meyer expansion turning angle

Density, lbm/ft3

Radius of curvature at the wall of nozzle throat, ft

Throat plane inclined angle
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INTRODUCTION

Duriang the past few years many research groups have engaged in
study of the performance characteristics of a plug nozzle. As yet a com-
puter program to studv the flow pattern and performance has not been
reported. This report summarizes a basic analytical method and describes
a computer program based on this method.

The basic characteristic equations were derived by assuming
rotational flow, so that, in the future, shock equations could be added to
the present calculations without difficulty. The gas is assumed to be
perfect and inviscid. Friction loss on the nozzle wall is ignored, and the
base pressure of the plug is computed by using Korst's theory.

The present numerical method has been programmed in IBM 7040
FORTRAN IV, and two sample calculations are presented in this report.
This program can be used to examine the performance of various plug

nozzle design concepts.




ANALYSIS

The flow field of a plug nozzle is formed by an axisymmetric
internal plug with an external solid boundary at the upstream and free
expansion at the downstream. It consists of a base pressure region at
the end of the plug if the plug is truncated.

The method of characteristics is used to calculate the supersonic
flow fields and the Prandtl-Mevyer relations arc used to calculate the {low
properties of the lip of shroud. The base pressure problem is soived by
using Korst's theory. The gas is assumed to be perfect, inviscid, and the

flow field is assumed to be steady, rotational and axisymmetric,

Basic Equations of the Method of Characteristics

The characteristic equations for axisymmectric, steady and
rotational flow used in this analysis were presented by A. [I. Shapiro in
Reference 1. The characteristic equations were derived from continuity,
energy and Euler's equations. The detailed derivations werce also shown

in Reference 2. There are two families of characteristics:

Left Running Characteristic

. . 9 '1‘
sin 8 sin dx + — sinfcos 3ds =0 . (1)

dv
ot B —— - df -
cot f \Y y cos (B + 6) al

Right Running Characteristic

sin 8 sin O T _
- Xt = s o5 B ds = .
y cos (8 - 3) dx 02 sin $ cos 3 ds =0 (2)

cot 3 g\—/\-,/— + do

(9]




The geometric properties of the characteristics provide other relations:

Left Running Characteristic

dy _
I = tan (8 + B) (3)

Right Running Characteristic

dy _ .,
- =tan (0 - B) (4)

Writing Equations 3 and 4 in finite difference form and solving for x, vy,
one obtains:

1

Ut T Te T M {yz - y1- x;[tan (0 - )], }
o | lan(e-pl, ()
(tan (0 + 1],
and
y3=yet [tan (0 - B, (x3 - x2) . (6)

The last terms in Equations 1 and 2 arc to take into account the
entropy change in the flow field. In order to compute the entropy change
along a characteristic, the entropy is assumed to be constant along a
streamline and varied across a streamline. Since the entropy gradient
is not large, it is also assumed to be constant in each small region.

The derivations were presented in Reference 1 and the expression

can be written as follows:
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The velocity and the flow angle at point 3 can be solved by
combining Equations 1 and 2:
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When a right characteristic intersects the boundary, as shown in
Figure 2, the intersection can be solved by the following cquations:
yB=yB1+(xB..xBl)tan Op (10)
yB:yl+(xB - Xy) [tan (O-I;HI,B (11)
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where

Ypo = VY
tan QB :_'EZ___.E];

X - X

B2 Bl

Equating Equations 10 and 11, one¢ obtains

Yyi-Yg - X lta“(e—b’”lB* xpj tan Oy ‘
*B ~ ' (12)
tan O - [tan (0 - 3)];p

The entropy along the boundary is assumed to be constant throughout the
flow ficld, and the velocity on the boundary can be computed by using

Equation 2.

sin 0 sin 8

=V, + t 8- 04 + B - X
\4: 1+ [V anB]lB ! B [YCOS(O—fg)_IB (xp - x1)
(13)
T
- ——sinBcosﬁ] (s - s1)
2 | B
a 1B
When a left running characteristic interscets the boundary by using a
g y oy g
similar method as shown above the following equations can be obtained:
. Yi- Vg - xl[tan(()4%1))]18+.\'B1 tan Op -
B = : .
tan Op - [tan (0 + ;3)]”3
Yg = Vgt (xpg - xpg) tan Op (15)
. ~ sin  sin 0
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In order to compute the flow properties at the end point of the
boundary, it is necessary to insert a characteristic at that point as
shown in Figure 3. When a left running characteristic is inserted, the

intersection may be solved by using the following egquations:

Y4 - VY3
[tan (6+B)]3 = — (17)

4 X4 - X3

Ya - V) - ye - Y1 . (18)

X4 - X X2 - X

Solving x4 from Equations 17 and 18 yields

y1 - X3+ x3 [tan (0 + 13)]34 - X (————-———-

X4 = . (19)
[tan (8 + ()]

7 xp - X
The velocity at point 3 can be computed by using the following equation:

sin f3 sin O

y cos (0 + [3):J34 (x3 - %)

V3: V4+[V tan /3]34 (03- 0.;)'*‘[
(20)
T . N
- | — sinf3cos R (s3 - sy4)
a? 34
Similarly, the relation for a right running inscrted characteristic can be

written as follows:

Y2 - Yl)
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Xg 7 (21)
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sin 3 sin O ] ]
y cos (O - [3):’34 (x5 - x4)

V,= V4+[Vtan{3]34 (04 - 63)+[

- [;r; sin 8 cos B:l (s3 - s4)
34

a

Transonic Region

The transonic flow near the throat of a nozzle requires special
trecatment because the method of characteristics is not valid in this
region. The Sauer analysis in Reference 3 offers a solution to this
problem. The solution was presented as a power series and the derivation

was based on two dimensional, small perturbations theory.

~ - +1 ) —

u=a.+-—%—u“yz+.... (22)
~ J e e Z
Vo (ytl)e" Xy i (AR TR AN (23)

where

' 1
«Q —-% ——-——.__.(Y'{*l)pb ys . (c.‘l)

The values pg and yg can be obtained from the geometry of a nozzle as

shown in Figure 4.

Basce Pressure Region

When a plug nozzle is truncated, the base pressure becomes an
important parameter affecting the nozzle performance. Korst's analysis

in Reference 4 provides an approach to this problem. The derivations are
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Figure 3. Nomenclature for an Inserted Characteristic

Figure 4. Internal-External Expansion Plug Nozzle Configuration




based on two dimensional turbulent flow with constant pressure mixing.
The essential feature of the flow model is shown in Figure 5. The
boundary layer at separation is assumed to be thin compared to the length
of the jet mixing region and no niass is assumed to bleed into the wake.

The Crocco number is defined as follows:

\J' . (25)
—— Mz
yHl

For isocenergetic, fully-developed, turbulent, constant pressure,

Jet mixing profiles, the velocity ratio is

u 1 }
R e + e 26
¥ o 3 (1 + erfn) (26)
where
N 2
erfn = £ S‘ B dfs (27)
N 0
- Y )
n = (28)
and
oc=12+ 2.758 M, . (29)

In the case of no-bleed into the wake, the Crocco number at j streamline
is

Cd‘a = 41'2 Cga . (30)
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Assuming M3 = My, the isentropic relation gives

¢ P
- (.‘l) - ! (31)
P P /24 Y
(1 - cgty¥-!
The flow turning angle 10, can be obtained from the Prandtl-Meyer
relation by assuming 8, = 30,4, and the Mach number at region I can
also be obtained from the Prandtl Meyer relation:
My= o (vy) (32)
where
Vs v, - 10‘: . (.’)3)
Using isentropic relations, the base pressure for back step can be
computed as follows:
P
- (34)

P, P,
LV M, P, M,

By assuming a serices of values for M, in Fquation 25, and carrying
Py,

through the whole procedure, a curve, =N vs M| can be obtained.
]

In order to take into account the effect of boattailing, Korst's

Reduced Mach Number Concept has to be used to extend the previous
technique. Oa:': was defined as a streamline angle at which M = 1 pro--
duced by the Prandtl-Meyer relation from My, and 05

M = M (015 - 047) (35)

11
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A reduced Mach number can be determined as follows:

M_.q = Mpeg (-657) - (36)

red

P P
b . . . . 2
—— vs M) curve obtained from the previous technique is taken as

Py Pred
vs Myed. Then, the base pressure can be computed by using the
following relations:
P P Py, Pro
b - 2 oa  Tred (37)
P, Pred P, Pya
where
L L) (38)
Poa ~ Poa
Pred Pred
= —— (Myeg) (39)

Numerical Procedure

The computations consist of several distinct parts: the calcu-
lations of a starting line, field points and boundary points, Prandtl-
Mcyer expansion, and the base pressure. The starting line is determined
by using Equations 22, 23 and 24. The computation of field points and
boundary points is performed by a regular iteration scheme. The
coefficients of mean values are employed in the process as suggested by
Darwell in Reference 5. The calculation of Prandtl-Meyer expansion
takes part in the process when the last upper boundary point is obtained.
When the last point of the lower boundary is reached, the base pressure

compultation is employed.

13




The cumulative vacuum thrust is made up of the momentum f{lux
and the pressure thrust at the starting line plus the pressure integral on
the boundaries. The mass flow rate across the segmentT?: as shown in

Figure 7 is

m=p); Viz Ajpcos (¢ - 0),) (40)
where
W R ,
= tan (——-————-— (41)
i Y2 - Yx)
and
_ NINEVRY INRYE -
Ap=alyr+ ya) VNx, - x1)°+ (y1 - y2) . (42)

The momentum flux and pressure thrust at the segment 12 at the starting
line are

Mg = —— Viscos 0,4 P Ay, cosd . (43)

The pressure integral at segment 12 on the plug is
Mp-:p“AM(?OS(p . (44)

The cumulative vacuum thrust can be computed as follows:

T:Z MO+Z My - (45)
(S) (B) :

The vacuum thrust coefficient is defined as follows:

2
T + pb ki rD .
(CF)vac - Py A ) (46)

The numerical procedure described in this report has been

programmed in IBM 7040 computer FORTRAN IV language.
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REMARKS ON CALCULATIONS

The accuracy of the present method depends on the net size
chosen for the calculations. In other words, the smaller the net size
one chooses, the more accurate the results one can obtain. When the
small net size is used, of course, the points used to describe the contour
should be more accurate. There are two ways to control the net sizc.
One is to control the number of points at the starting line, and the other
is to control the number of rays at the lip of a nozzle.

When the inclined angle of the lower wall becomes large, the
reduced Mach number computed from Equation 36 differs from the Mach
number at the edge in a great amount. This difference may cause the
base pressure to be greater than the pressurce on the boattailed portion as
shown in Equation 37. In this case, it may indicate separation and the

theory becomes invalid.

16




SAMPLE RESULTS AND DISCUSSION

The program has been used to compute several test cases. Two
typical cases are selected for presentation in this report. An extérnal
expansion plug nozzle was designed by using the program in Reference 6.
In order to compute a starting line for the analysis, the simple wave
relation was employed. The computer results are shown in Figure 8.
The vacuum thrust coefficient is about one percent higher than the design
value, but the design method was assumed as a simple wave throughout
the whole flow field., An internal-external expansion plug nozzle was also
computed.  The result and the flow pattern are shown in Figure 9.

When a nozzle contour is not well described or a compression
region occurs in the flow field, the characteristics overlap indicating
that a shock is being formed in that region. If the shock is weuk, the
present program carries on the calculations by assuming an isentropic
process. A shock routine must be developed to analyze a nozzle with a
strong shock. The Rankine-Hugoniot cquations are normally uscd for
this purpose.

In the derivation of the transonic solution, the second degree of
the velocity components was ignored. Therefore a significant amount (.)f
error would be introduced to the result if the Mach number of the starting
line were high. In the case shown in Figure 9, two percent of error in
vacuum thrust was found when the initial Mach nuinber changed from

1.05to 1.15.

17
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This program is suitable for a basic study of plug nozzle
performance. In order to improve the quality of the result, the
following items are recommended for future work.

1. To develop a shock routine there will be no difficulty because

rotational flow was assumed in the present program.

2., To include real gas equations in the computation.

3. To take into account the friction loss on the nozzle walls.
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DESCRIPTION OF DATA INPUT
AND OUTPUT

Input

This program requires the following input data:
(1) Nozzle components

FE () -- throat plane inclined angle; degrecs for internal-
external expansion
-- radians for external expansion

ROS (p ) -- wused only for internal-external expansion
-- equals 0. for external expansion

YS (yg) -- radius of nozzle throat; uscd only for internal-
external expansion
-- equals 0. for external expansion

GAM (y) -- ratio of specific heats

XM (Mggt) --  initial Mach number

P (Py) -- total pressurc

T (T,) -- total temperature

RT -- radius from the throat to origin, used only for

internal-external expansion
-- equals 0. for external expansion

R -- gas constant

N -- number of points on starting line, must be <100,

N1 -- number of lower wall contour points, must be <100,
N2 -- number of upper wall contour points, must be <100.

(2) A title or job-description card
(3) NI lower wall contour points given as Cartesian coordinates

(4) N2 upper wall contour points given as Cartesian coordinates

23




(5) KK -- If input is in feet kk = 0
-- If input is in inches kk =1

(6) KODE

(a) If KODE = 1, read starting line for an internal-external
plug nozzle expansion

(b) If KODE = 2, compute starting line for an internal-external
plug nozzle expansion

(c) If KODE = 3, compute starting line for an external plug
nozzle expansion

(7) KODE used for external expansion only

(a) If KODE

1 use standard starting linc calculations

(b) If KODE = 2 use a special option in calculating the starting
line: Megt = ME and ¢ = Oy,

(8) NU (n) -- the number of corner rays to be computed, must be
<100.
PA (P;) -- Ambient Pressure
KKD -- If KKD = 0, PA is in lbs/sq [t
-- If KKD =1, PA is in lbs/sq in

Input cases can be stacked and processed several at a time. If a
bad data case is found, the remaining data cases will not be processed.

This is due to the computer system, not the program.
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Output
(1)
(2)
(3)
(4)
(5)
(6)

(7)

Units of variables
Job title

Input conditions
Upper wall contour
Lower wall contour
Starting line points

X Y M THETA T P
v 4 { ' } }

where X, Y are Cartesian coordinates; M is Mach number,
THETA is flow angle, T is temperaturce (°R), and P is
pressure

Internal expansion

(a) Ficld routine points

X Y M THETA T P ITR
v 4 ' t

-—
-
-—

where ITR is the number of iterations before convergence in
calculations

(b) Body point routine point
yp i

X Y M THETA T p ITR

Ficld and body points alternate until the last point on the
upper wall contour is reached

External expansion
(a) Insert point

X Y M THETA T P
(b) Corner point

X Y M THETA T P




(9)

(c)

(d)

(e)

(f)

(g)

Right running characteristics

X Y M THETA
} ‘ 4 }

Field routine points

X Y M THETA T
' k) 4 4 '

Body point routine point

X Y M THETA T

T
'
P ITR
4 {
P ITR

Ficld and body points alternate until the last point on the
lower wall contour 1s reached or until the network is

completed.

Insert point

X Y M THETA
Corner point

X Y M THETA

Thrust distribution along the plug

(a)
(b)
(c)
(d)

SUMM
CFIl
Mass flow rate

X Y T CFr
) ! } ¢

for each point on the lower wall
AT -- throat area
PB -- base pressure

TVAC -- vacuum thrust

30
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(h)

()

(k)

CFVAC -- Vacuum thrust coefficient
THRUST -- real thrust
CF REAL -- real thrust coefficient

End of job
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LIST OF FCRTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

MAIN PRCGRAM
DIMENSION YP{400),4XP(400),TH{400),XMP[400),TP(400),PP{400),
IRXM(200) ,RTH{200),RTP{200) ,RPP(200),VLP(400)
DIMENSICN Xx81(100),Xx82(100),YB1(100),YB2{100)
DIMENSION FRX(50)4FRY{50)FRVI(S0)4FRT{50),FRP(50),FRTH(50),
1FUX(100),FUY(100),FUP(L00),FLX(200),FLY(200),FLP{200)
DIMENSION 2C(100),24(100),XM1(100),PBP1(100)
COMMON YPyXPyTHyXMP,TP,PP,RXMyRTH,RTP,RPP,VLP,RGS,YS,GAM,GM1,G,
LXM oy Ng Py TyRyLoMyJ g N2y XXB29YYB2 4 NULKNT GPLyFL,RT
L,PA
COMMONZC 42J4XMLsPBPLWNG
READ(5,52)NC
READ(5,1003)(2J(1),Z2CL1),1=14NQ)
78 READ(5,1001)1FE WROS)YSyGAM XMyPy TyRT,RyNyN1,N2

300 FORMAT(1H1,54X,22HPLUG NOZZLE ANALYSIS/1HO,44X,43HBY USING THE
1 METHOD OF CHARACTERISTICS////1HO,10X,5HUNITS///1HO, 10X, 16HCO0OR
1DINATES X,Yy1l4X,4HIN. /1HO,10X,25HINCLINED THRUOAT ANGLE(FE),5X,7TH
1DEGREES/1HO, 10X, 8HPRESSURE 22X, 9HLBF/IN*#IN/1HO, 10X, L1HTEMPERATURE,

119

1X¢ LSHDEGREES RANKINE/1HO, 10X, 16HGAS CONSTANT (R)y14X,26HFT LBF/LBM
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS B8Y USING THE METHOD OF CHARACTERISTICS

I DEGREES RANKINE/ZL1HO, 10X, 4HAREA,26X,SHIN®IN/1HO, 1OX,6HTHRUST,24X,3
1HLBF)

3C1 FCRMAT{1346)

302 +rORMAT(1HO,1346)

303 FORMAT(1RHU,LUXs L7THINPUT  CONDIVICNS///1HO,10X, 3HFE=EL5.8/1110,10X,3
IHRT=E15.87/1H3G, 10X, 3HYS=E15.8/1H0, 10K, 5HRHOS=E15.8/1H0, 10X, 6HGAMMA=
1E15.8/1H0,10x%x,5HMEST=E15.8/1HO, 10Xy 2HR=E15.8/1H0,10X,y3HPO=E15.8/1H
10, 10X, 3HTO=L1%.8)
READ(S5,301L)YA1,A2,A3,A4,A5,86,A7,A8,A9,A10,A11,412,A13

WRITE{6,3C0)
WRITE(G,302)A1,A2,A3:A4,A5,A6,A7,AE,A9,A10,A11,A12,A13
READ(S,1003)(XBLIT ), YBIII)1=1,N1), (XB2(T1),YB2(1),1=21,N2)
WRITELCy303)FL sRTpYSZRUS,GAMyXMyR,P,T

WRITEL6,1006)

WRITE(6,1007) (X82(1),YB2I1),1=1,N2)

WRITE(6,1008)

WRITEL6,1COT)IIXBLIIT),YBL (1) ,yI=1yN1)

READ (9,52 )KK

IFIKK.EQ.CIGU TC 401

P=peléa4.
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402

403

4C1

10C6

10C7

10CH

L1ST GOF FCRTRAN PROGRAM

PLUG NOZZLE ANALYSIS

¥YS=vYS$/12.

ROS=ROs/12.

RI=RT/12.

DO 402 K=1,N1
XB81l{K)=XB1(K)/1l2.
YBLIK)=YBL(K)/12,

DO 403 K=1,N2
XB2{K)=xB2(K)/12.
YB2{K)Y=YBL( K]}/,
XXB2=XUB2INZ)
YYBZ=YB2(N2)
FORMAT (1HO, 18HUPPER WALL
FORMAT (1HC,2(EL1%.8,2X))
FORMAT{1HU, 1BHLUWER WALL
NF=2

NU=0

KNT=1

GMl=LAM-1.

GP1l=GAM+].

G=32.2

BY USING THE METHOD OF

CCNTUOUR/LHO, TXy LHXy 16X,y 1HY)

CONTOUR/LIHO, 7X, LHX 16X, 1HY)

34

CHARACTERISTICS
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52

500

84

53

10Cs

99

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

WR1TE(6,1002)
REAG(5,52)KOVLE
KODE=1-—-REAU STARY LINE
KOUE=2--CUMPUTE START LINE
FORMAT (<)

GG TO (53,54,84,500),KUDE
KODE=3

L0 TU 53

CALL STLZ2(XBl,YBlsNL)

THE

METHOD

OF

CHARACTERISTICS

AT=3.1%15927“(YU2(l)+YBl(1))'buRl((XBZ(l)*XBl(l))'*Z*(YBZ(l)—YBl(l

1)) ne2)

GC 1u 2

READ(S,IOOS)(XP(J)1YP(J),TH(J)vXMP(J)yTP(J),PP(J)1J=1vN)

READ{S5,10CH5)AT
FORMAT (6£13.06)

DU 99 J=1,N

leTE(6,79)KP(J)gYP(J)yXMP(J)ylH(J),IP(J).PP(J)

FORMAT (1RO ,6(3X,L15.8))
TH{J)=TH(J)*s01745329

Gu 1y 2
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54

60

LIST OF FORTRAN PROGRAM

PLUG NGZZLE ANALYSIS BY USING THE METHOD OF

FE=FE®#.01745329
RGl=(RT+YS)«COS{FE)
RG2=(RT-YS}*COS(FE)
X1=(RT+YS)*SIN(FLE)
X2=(RT-YS)*SIN(FE)
AT=3.1415927'(R61+R62)'SQRT((XI-XZ)*I2+(RGL~RGZ)"2)
CALL SLRIN
CP=GAM#*R/GM]

DO 60 J=1,N
H=CPoaTP({J)*C
A=SCRT(GM1#h)
VLPJ)=XMP(J)*A

K=N

DO 61 J=1,yN
FRX{J)=XP(K)
FRY(J)=YP(K)
FRV{J)=VLP(K)
FRI(J)=TP(K)
FRP{J)=PP(K)

FRTH{J)=THIK)

36
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61

222

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

K=K-1

FLX({1)=XxP(1)
FLY(Ll)=YP(1)
FLP(L)=PP (1)
FUXIL)=XP(N)
FUY(L)=YP{N)
FUP{1)=PP(N)

GO 10 (222,222,74).K0ODE
M=N+N-1

L=N¢+1

J=0

CALL FLDRTN (1)

M=1

L=N+1

CALL BPRTIN(1,XBl,YBL,NL)
FLXINF)=XP(1)
FLYINF)I=YP(L])
FLPINF)=PP(L)

M=h-1

L=2

37
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14

86

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

J=N

CALL FLDRIN (1)

M=N

L=N+N-1

CALL BPRTN(2,XB2,YB2,N2)
GO 10 75

CALL BPRTN(3,XB2,YB2,N2)
NR=N+1

M=NR-1

L=2

J=NR-1

CALL FLDRTN(3)

M=1

L=2

CALL BPRTN(1,XBl,YB1,N1)
FLX{NF)=XP(1)
FLY{NF)=YP(1)
FLP{NF)=PP(1)

NF=NF+1

NR=NR+ 1

38
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

LFINR-(N+NU))B8,88,6
88 IF(J-666)86,6,86
15 FUXINF)=XP(N)
FUY(NF)=YP(N)
FUPINF)=PP(N)
NF=NF+1
[F(NU)222,222,20
1001 FURMAT(SE15.8/4E15.8,312)
1003 FORMAT(2E15.8)
1002 FORMAT(1HO+///+1HO 310Xy LHX 17Xy LHY L 7X, 1HM, 13X ,5HTHETA,13X,
TIHT 17Xy 1HP, 10X, 3HI1IR)
20 KZ=1
NG=NF-1
NBP=N-2+NU
NBZ=NBP/2
[F(({ N/2)%2-N)14,13,13
l4 JF(2eNB2-NBP)22,1,1
13 IF({2eNB2-NBP)1,22,22
Il NZ={NBP+N=-1)/2

NY=1
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22

44

45

LIST OF FURTRAN PROGRAM

PLUG NOZZLE ANALYSIS

GC 10 3
NZ={(NBP+N)/2
NY=2

M=N+N-1

L=N+1

J=0

CALL FLDKTN(2)
[J=1

1=0

M=l

L=N+1J

CALL BPRTIN{(1,XB1,YBL,N1)

FLXI(NF)=XP(1)
FLY{NF)=YP(1)
FLPI{NF)=PP(1)
NF=NF+1
IF(J~666)45,6445

J=L-1

BY USING

40
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS
L=2
M=N#+1
IF{M=L)6,5,5
S 60 TO (9412)+KL

9 IF(M=NZ)T748,47
8 KZ=2
GO TO (11,12)NY
11 CALL FLDRIN{(2)
J=0
L=N+1J
M=2«N+2s]

CALL FLDRIN(Z2)

L=N+1J

CALL BPRTN{1l,XB1,YBl,N1)

GO TG 4

12 CALL FLDRTN(2)

J=0

L=N+1J

BY USING

41
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LIST OF FORTRAN PROGRAM

PLUG NOZZILE ANALYSIS BY USING

Mz=2#N+2#]-1

CALL FLORTN({2)

M=1

L=N+1J

CALL BPRIN(L,XBl,YBl,N1)
[J=1J-1

I=1-1

60 TU 4

CALL FLDRTN(2)

J=0

L=N+1J

M=2#N+2+1]

CALL FLDRTNI(2)

M=1

L=N+1J

CALL BPRTIN(1,XBLl,YBLl,N1)
[J=1J+1

[=1+1

GO TO 4

6 SumMpP=0.
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305

16

71

10

64

207

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

WRITE(64305)

FORMAT (1HO/1HO,34HTHRUST DISTRIBUTION ALONG THE PLUG)
1F{KODE .EQ. 3) GO TO 207

I[=NG

NG=NbL-1

DO 64 K=1,NG

[=1-1

Pl12=(FUP(I)+FUP(1+1))/2.

A12=3.l415927*(FUY(l)+FUY(l+l))*SQRY((FUX(I)—FUX(I+1))"2+(FUY({)

L-FUY(1+1))»e2)

FE12=ATAN(IFUX{T)=FUX{T+1) )/ LFUYLT+1)=FUY LI
PI1=p12#A12#COSIFELZ)
[FIEUY(I+¢1)~FUY(I))T1,76,70

PI=0.

6o TO 70

PI=-PI

SUMP=SUMP+PI

CONTINUE

SUMM=0.

SUMV=0.
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91

LIST OF FORTRAN PROGRAM

PLUG NOZZILE ANALYSIS 8Y USING

NZ=N~-1

DO 91 1=1,N
PL2=(FRP{L)I+FRP(I+1)) /2,
TL2={FRT{I)+FRTLI+1)) /2.

RO12=P12/(R%T12)

THE

METHOC OF

CHARACTERISTICS

A12=3.1415927*(kRY(i)*FRY(l+l))'SQRT({FRXII)-FRX(l+1))il2*(FRY(l)

1-FRY[I+L1))ex2)

TH1Z2=(FRTH(I)+FRTH(TI4 1))/ 2.

FE12=ATAN((FRX(I)’FRX(X*l))/(FﬂY(Ifl)-FRY(I)))

V12=(FRVI1)+FRV(I+1)) /2.
SQ=FE12-TH1Z
vM=R0U12*V12#A12#C0SI(SQ)
VMOM=VM/G#V12#COSITHLZ2)
VMOMP=pP12#A12eCUS(FELZ)
VMU=VMUM+VMOMP
SUMM=SUMM+ VMO
SUMV=SUMV+VM

CONTINUE

SUMM=SUMP+SUMM

CF1=SUMM/ (P#AT)
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LIST OF FORTRAN PROGRAM

PLUG NOZILE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

WRITE(6,96)SUMM,CF1
WRITE(64400)SUMY
400 FORMAT({1HO,15HMASS FLOW RATE=E15.8)
96 FORMAT({1HO,5HSUMM=L15.8,3X,4HCFI=E15.8)
SUMP=0.
NB=NF=2
D0 92 I=1,NB
[F{SUMP)602,602,601
| 602 CONTINUE
IF{FLX(L)-FLX(E41))600,92,92
600 IF(1.EG.L)IGU YO 6G1L
PLl2=(FLP({L)+FLP(I4+1)) /2.
Al2=3.141592T (FLY[L)+FLY(T1+1))wSQRTI{(FLX{L)~FLX(I+1))nu2
I+ {FLY(L)=FLY(I+1))wa2)
FEL2=ATANU(FLX(L)=FLXLI+L))/ZUFLY(14))=FLY(1)))
PI=PL2#A12+COS(FELR)
IF(FLY(L)-FLY(I+1))72,73,73
601 P1l2=(FLP{I)+FLP{I+1))/2.
Al2=3,141592T+(FLY(I)+FLY(I+1))#SQRT((FLX(L)-FLX{I+]1))»n2

FT4{FLY(D)-FLY(I+)))wu2)
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12

73

92

94

93

201

LIST OF FORTRAN PROGRAHM

PLUG NDZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

FEL2=ATAN{ (FLX(I)=FLXLI#1))/FLYTLI+LI-FLYLI) D)
Pi=P12+Al2#COS(FEL2)
IF(FLY(1)-FLY(I141))72,73,73

Pl=-PI

SUMP=SUMP+P|

TOT=SUMM+SUMP

CF=TUT/(P#*AT)
WRITE({6994)FLX(I+1),FLY(I41),TUI,CF

CONTINUE

FORMAT (LHO, 2HX=E15.8,3X,2HY=E15.8,3X,2HT=EL15.8,3X,3HCF=L15.8)
AX=AT*1lb4.

WRITE(6493)AX

FORMAT { LHO , 3HAT=EL15.8)

DUMMY=XMP (1)

CALL CGNVR (1,DUMMY,Wl)

THA=TH(L)+wWl

IF{THA) 201,202,202

WRITE(6,200)

PB=PA

GO Tu 203
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

200 FORMAT{L1HO,10X,34HFLOW BREAK-AwAY FROM UPSTREAM WALL/1HO,10X,9HSET
1 PB=PA)

202 CALL CUNVR(ZyXMRED,THA)
PRED=1./{{1.+GML/2.#XMRED*#2) s (GAM/GM1))
POA={1.4GML/2. #XMP (1) #n2)na (GAM/GM])
CALL BPRS
PB=TABLEL(PBPL,XML,XMRED,NC)
P2PR=PB
P2P1=P2PR#PUA*PRED
IF(P2P1-1.)204,205,205

205 WRITE(6,206)
PB=PA
GO Tu 203

206 FORMAT(1HO,10X,22HTHEORY BECOMES INVALID/1HO,10X,9HSET PB=PA)

204 PB=PP(1)#P2P1

203 CONTINUE
TVAC=TOT+PB#*3.1415927#FLY(NF~1)#a2
CFVAC=TVAC/(P*AT)

AE=3.1415927YB2(N2)ue2

THRUST=TVAC-PA=AE




LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

CFREAL=THRUST/(P=AT)
PB=PB/144.
WRITE{6,6111)PBsTVAC,CFVAC, THRUST,CFREAL

6111 FORMAT(lHO.3HPB=EIS.8/1H0,5HTVAC=E15-8/1HO,6HCFVAC=E£5.8/1HO,7HTHR
1US7=E15.8/1H0+ THCFREAL=E15.8)

$1 MRITE(6,2000)

2000 FORMAT({1HO,///,20X,10HEND OF JOB)
60 TO 78
END

SUBROUTINE SLRTN
DIMENSION YP(400)+XP{400),TH(400)XMP(400),TP(400),PP(400),

1RXH{200) yRTH(200) 4RTP {2001 ,RPP(200),VLP(400)

COMMON YPyXPyTHyXMP,TP,PP,RXMyRTH,RTP,RPP,VLP,ROSyYSyGAM,GM1,G,

EXMyNpP o ToRsLyMyJgN2,XXB29yYYB24NUoKNT yGPL1,FE,4RT

1sPA

IF{N-10)50,51,51

50 KN=N .

GO 70 S2
51 XN=N-4

52 CONTINUE
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LISY OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD

PLiT«Pe(2./GPLl)nes(GAM/GML)
TST=T#(2./GP1)
A=SURTI{L./{GPLeRUSH*YS))
EPP=YS/6.#SQRT(GFL#YS/RUS)
FEU=ATAN[EPP/RT)

FI=FE+FEQ
RYC=SQRT(EPF#tPP4R1%RT)
HH=RTO*SIN(%1])

HK=RTO*«COS (1)
XMeS=SQURT({GPL/2ewXMuXM) /(1. 406ML/2.2XMexM))
XKPP={(XMES-1.)/A

PHA=ARSIN{ (LPP+XPP)/ROS)
YL=YS+ (RUL-RUS*COUS(PHAY))
DYL=2.#YL/{aN=1.)/2.

DO L I=1,N

IF{N-10)44,9,9
IF{I-614,2,3
IF{I={N~3))645,17
DYL=2.#DYL

GO 10 6

49
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44

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE HETHOD OF CHARACTERISTICS

OYL=DYL/2.

G0 1O 7

YPP=FLCAT(1-3)«pYL~YL

GO 10 8

YPP=FLOAT{I+N-10)DYL~YL

GO 10 8

YPP=FLOAT{I-~1)#pYL®2,.-YL

GO 10 8

YPP=FLOAT ([-1)#DYL-YL

U=A®XPP+GP1/2.%AnA=YPPaYPP

VAR AGP [ # (XPPaYPP+GP /6. %A%YPPRe3)
XMS=SQRT({1l.+U)en2+Vey)

THX=ATAN(V/(1l.+U))
XMPL1)=SQRT(2./GPL#XMS#XMS/[1.~GM1/GPL#XMS*XMS))
PPLI)=PST/((2./GPY)#a(GAM/GML) # (L. +GML/2.%XMP( 1) #52)
L#» (GAM/GM1))
TP{I)=TST/({1.+GM1/2.«XMP([)=u2)e{2,./GP1))
XPlI)=xPP#COS({~FI)-YPP#SIN(—FI)+HH
YP{I)=YPP#COS{-FI)+XPP«SIN{(-F])+HK

TH{I}=THX-F]

50




LIST CF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

THH=TH(1)#57.25578
QX=XP(1)=12.
QYy=YP{1)#12,
QP=PP(I)/144.
1 WRITE(6,L02)1QX QYo XMPLL)THH,TPI1),GP
102 FORMAT{1HO,6(3XsEL15.8))
RETURN
END
SUBROUTINE STL2(XB,YByN1)
DIMENSION YP(éOO)yXP(éOO),TH(éOO).XMP(QOO).TP(éOO),PP(QOO)v
lRXM(ZOO).RTH(ZOO),RTP(ZOO),RPP(ZOO),VLP(éOO) ‘
COMMON YP,XP,TH,XMP,TP.PP.RXM,RTH,RTP.RPP.VLP,ROS,YS,GAM,GMl,Go
lXM,N,P,T'R,L'M.J.NZ.XXBZ.YYHZ,NU,KNT,GPL,FE,RT
1,PA
DIMENSION XB(100),YB(100)
PI=3.1415927
READ(S5,11)KO0ODE
GO YO {12,13),KODE
11 FORMATI(1Z)

13 TH(Ll)=FL
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

FE=FE~ARSIN(1l./XM)

GO 10 1le6

12 THST=FE+PL1/2.

THE

METHLCD

OF

CHARACTERISTICS

FE=FE+(PI/2.~ARSIN(L./XM)+SURT{GPL/GLML) #ATANISCKT(GML/GPl®( XMaXM-1

Le)))=ATALISURT { XM#XM-~1.)))

16 Ju=1

TSC=SIN(PI+FE)/COS(PI+FE)
YO=YB(JJ+1)-YB(JJ)

XD=xB{JJ+1)-XB(JJ)

XA=1./({YD/ XD~ TSCIe{YYB2-YB(JJ) YO/ XDeXB(JJ)=-XxXBB2#TSC)

IF{XA-XB(JJ))3,2,2
[F(XA=XB{JJ+1))4,4,5

Jd=JJd+1]

GO0 10 1

WRITE(6,6)XA,XB{JJ) yXBIJI+]?
FORMAY (1HO,3E15.8)

STue
YP{1)=YB(JJI)+(XA-XB(JJ))/XD*YD
‘XP(1)=XA

6C TO (14,15%),KUDE
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

14 TH(1)=THST+$QRT(GPl/GMl)*ATAN(SURT(GMI/GPi*(XM*iZ—l.)))*ATAN(SQRT(
IXM#e2-1,.))

15 XMP(1)=XM
PP{1)=P/((1.+GML/2.#XMu#2)»%(GAM/GML]))
TP(1)=T/(1l.+GM1/2.%XMu22)

THP=TH(1)%57.29578

Qx=xP({1l)=l2,

Qy=YP{1l)el2.

QP=PP(1)/144.
WRITELG6,10)QGX QYo XMP (1), THP,TP(1},QP
XN=N

XN=XN=-1.

DX={XXB2=-XA} /XN

DO 9 MM=2,N

XP{MM)=XP{MM~1)+0DX
YP(MM)=YP(MM=-1)+(YYB2-YP(1))/(XXB2-XP{1))aUX
XMP {MM)=XM

TH{MM)=TH{1)

TPIMM)=TP (1)

PP(MM)=PP(1]

53
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1004

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

QX=XP(MM)#12.
QY=YP{MM)*12.
WRITE(6,L0)QX,QY XMy THP, TP (1) 4GP
FORMAT {1HO 6 (3X,E15.8) )

RETURN

END

SUBROUTINE BPRTIN(KUDE XY yNX)

THE

METHOD

OF

CHARACTERISTICS

DIMENSION YPGQOO)'XP(400)'TH(400),XMP(400)pTP(400)'PP(400)o-

IRXM{200) yRTH(200) yRTP{200) 4RPP(200),VLP{400)

DIMENSION X(100),Y(10C)

COMMON YP,XPyTHy XMP TP PP yRXM,RTH,RIP,RPP4VLP,RCSyYS,GAM,GM1,G,

LXM NPy TyRoL e My o N2y XXB29YYB243NUKNT,GPL,FE,RT

l’pA
IF{KODE .EQ. 3) GC TO 65
ITR=1

WRITE(6,1004)

FORMAT (1HO,40X, LBHBGDY POINT ROUTINE)

CP=GAM=R/GM]
H1=CPeTP(L)eG

A1=SQRT(GM1I=H])




20

60

61

23

L1ST OF FURTRAN PROGRAM

PLUG NOZZLE ANALYSIS gy USING THE METHOD OF

V1=XMP(L)#Al

Bl=ARSINﬁA1/Vl)

H=Hl+V1s#Vl/2.

PS=P'(2./GP1)"(GAH/GH1)

1S=T#(2./6P1)

Sl=CPOALOG((TP(L)/TS)/((PP(L)/PS yee (GML/GAM)})
SB=CP0ALOG((TP(M)/TS)/((PP(M)/PS )#e(GML/GAM)))
DO 1 I=1,NX

K=1

IFIX(I)=XP(L))Ls1s2

CONTINUE

GO TO (60+61+52)KUDE

KeEY=1

60 10 23

KEY=2

GO 10 23

K=NX

TH3=ATAN((Y(K)*Y(K—l))/(X(K)—X(K’I)))
B3=ARSIN(L./XMP(HM)})

A3=SQRT(GM1*CP'TP(M)OG)

%

55
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58
317

35

34

43

LIST OF FURTRAN PROUGRAM

PLUG NOZZLE ANALYSIS BY USING

V3=XMP (M) #A3

T3=TP(M)

TH4=TH(M)

CONTINUE

GO TO (34435)9KEY
Cl=(TH3+83+TH4+B4) /2.
GO TO 43
Cl=(TH3-B3+TH4-B4) /2.

Cl=SIN(CL)/COS(CL)

THE

METHOD OF

Y,

CHARACTERISTICS

u=((Y(K)-YP(L))—(X(K)-XP(L))'CL)/((YP(M)-YP(L))—(XP(M)—XP(L))'CI)

X4=XP{L)+B#(XP[M)-XP{L))
Ya=zYPLL)+B#(YP{M)=YP{L))
XM4=XMP (L) +B# (XMP[M)-XMP (L))
TH4=TH{L)+B# (TH(M)-TH(L]})
T4=TP(L)+B=(TP(M)-TPI(L))
P4=PP{L)+B=#(PP(M)-PP(L))
S4=S1+B#(SB-S1)
TH44=TH4#57.29578
A4=SQRT(GML*CP#T4#G)

Va=XM4#AL
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46

45

47

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

B4=ARSIN(1l./XM4&)

GO TO (45,406)4KEY
C3=COS((TH3+B3+TH4+B4)/2.)
60O TO 47
C3=COS((TH3-B3+4TH4-B4)/2.)
Cl=(B3+B4) /2.

C2=C0s{Cl)

C1=SIN(CL)

GO TO (48,49),KtY

THE

METHOD OF

CHARACTERISTICS

49 V3=Va+ [ (V3I+Va)/2.%CL/C2) %[ (TH3-TH4+C1#SIN((TH34TH4)/2.)/((Y(K)

14Y4) /2. %03 ) #(X(K)=a4)=((T34T4)/2.)/(((A3+4A4)/2.)uu2)uCle(2 =

1(SB-S4)=G))

60 TO 50

48 V3=V4+((V3+4V4)/2.#CL/C2) % ((TH4-TH3+CLeSIN{(IH3+¢TH4)/2.)/((Y(K)

50

L4Y4)/2.#C3) % (X{K)=X4)=((T3+T4)/2.)/(((A3+A4)/2.)#n2)e(]1eC2 =

1{SB-54)=G))
H3=H-.5#V3+V3
A3=SQRT(GM1*H3)
B3=ARSIN{A3/V3)

XMP3=V3/A3

57




57

56

205

206

LIST CF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS B8Y USING

T3=H3/(CP+G)
P3=PP{M)e(T3/TP(M))we(GAM/GML)
THP=TH3#57,29578
IF(ABS(8-8P)—.000001)56.56,5?
BP=8

GO TU 58

WRITE(64205)

FORMAT (LHO, 12HINSERT POINT)
dX=Xx4®1l2,

QY=Y4el2,

GP=P4/144.
WRITE{6,1006)CX,QY4XM4,THG44,T4,(P
WRITE(6,206)

FORMAT (1HO, 12HCORNER PUINT)
QX=X{(K}#]l2.

QY=Y(K)®*l2.

QP=P3/144.
WRITE(6,1006)QX,QY,XMP3,THP,T3,CP
VLP(M)=V3

XP{M)=X(K)

58

THE
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51

&5

52

PLUG NOZZLE

YP{M)=Y(K)
XMP({M)=XMP3
TH{M)=TH3
TP{M)=T3
PP(M)=P3

GO TO (51452)KEY
J=666

RETURN

TH3=TH(N]}
XMP3=XMP{N)

NZ=N

P3=PP(N)

T3=TP(N)

K=NX

X(K)=XP{N)

Y{K}=YP{(N)

ANALYSIS 8Y

LIST OF FORTKAN PROGRAM

USING THE

READ(5,1007)NUyPA,KKD

[F(KKD.EQ.0)GU TO 401

PA=PA®144.

401 WRITE(6,207)

59

METHOD

OF

CHARACTERISTICS




LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

207 FORMAT {1HO,29HRIGHT RUNNING CHARACTERISTICS)
1007 FORMAT (12,E15.8,12)

C3=(GAM+1.)/GM1

C4=1./C3 ‘

TERM=TH3-SQRT(C3)#ATAN{SQRT{C4#(XMP3eu2-1,))) +ATAN(SQRT(XMP3we2-1,

1))
XME=SQRT(2./GMLl#((1.4GML/2.#XMP3##2)/((PA/P3)##(GM1/GAM))-1.)
1)

XNU=NU

DM=( XME-XMP3)/ (XNU-1.)

XM=XMP3

53 DO 54 1I=1,NU

RXM{II)=XM
RTH(I[)=TERM+SQRT(C3) #ATAN{SQRT (C4#(XMeXM~1.)))-ATAN(SQRT (XM#XM~1.
1))

RTP{II)=T3/(1.+GM1/2.,xXMaXM)#(]1.+GML/2.#XNMP3un2)
RPP{II)=P3#((1.+GM1/2.#XMP3#22)/(1.+CM1/2.2XMeXM)})

1## (GAM/GM])

RTHP=RTH(11)#57.29578

XM=XM+DM
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11

33

44

PLUG NOZZILE ANALYSIS BY USING THE METHOD OF

Ygl=Y{J)

YB2=Y(K)

XB=XB1

BB=81

ve=Vvl

TB=TP({L)

AB=Al

KKNT=0

KKNT=KKNT+1

KCNT=0
[F{KKNT-50)111,111
WRITElG,134)XBP,XB
FORMAT (1HO,4E15.8)

GO 10 13

LIST OF FORTRAN PROGRAM

1133

2y XBl,XB2

TH{(M)=ATAN{(YB2-YBLl)/{(XB2~-XB1))

GO TO {33,44),K0ODE
Z1=(TH(L)~BL+TH{M)
29=TH(L}~TH(M)

GO TO 55

"BB)/Z.

Li=(TH(L)+BLl+TH(M)+HB) /2.

62
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55

12

LISY CF FORTRAN PROGRAHM

PLUG NOZZILE ANALYSIS BY USING

19=TH{M)=TH(L)

GO TO 55

12=C061(21)

KCNT=KCNT+1
210=SIN{(B1+8B)/2.)
Z3=SIN(Z21)/22
Z4=SIN(TH{M))/COS(TH(M))
L5=SIN((TH{L)+TH(M))/2.)
l7=(B1+8BB) /2.

28=C0S(77)

26=2SIN(Z7)

XBP={YP{L)--YB1-XP(L)#2Z3+XB1%24)/(24-123)

YP(M)=YB1l+(XBP-XB1)=224%

THE

METHOD OF CHARACTERISTICS

VBP=V1+(iV1+VB)/2.*26/ZB)'(Z9+(ZS'ZIO/({YP(L)+YP(H))/2.*ZZ)))'k

IXBP=XP{L))={(TP{L)+TB)}/2./(((AL+AB)/2.)%82)#26%28)#(SB—S1)=6

HBP=H-VBPxVBP/2.

AB =SQRT{GM12HBP)
XMP({M)=VBP/AB

T8 =GM1#HBP/(GAMaR+G)

IF{XMP{M)}-1.1997,998,998
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

997 WRITE(691006)XMPIM)
syop
998 CONTINUE
IF({ABS{(XBP~XB)/XB)=-.000001)3,3,4
4 BB=ARSIN(1./XMP(M)})
Xg=XB8P
ITR=ITR+1
vB=VvBP
IF{KCNT=-50)224224333
333 WRITE(6,134)XBP,XByXB1,XB2
3 IF(XB1-XBP)6413,5
6 IF(XBP-XB2)13,13,9
9 XB1l=XB2
YBl=YB2
J=J+1
K=K+1
1F{K-NX)21,21,200
200 TH(M)=XTH3
YP(M)=XY3

XMP (M) =XXMX3
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21

13

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF

G0 TO 20

XB2=X(K)

YB2=Y(K)

G0 TO 11

XB2=XB1

Y82=YB1

J=d-1

KeK~1

XB1l=X[J)

YBl=Y(J)

1F(J120,20,11

THB2=TH(M)*57.29578

PP(M)=PP (M) % (TB/TP (M))%s(GAM/GML)
TP(M)=TB

QX=XBP*12.

QY=YPIM)8l2.

QP=PP(M)/144.
WRITE(6,1006)QXsQYsXMP (M), THB2, TP(M),QP, ITR
VLP(M)=VBP

XP(M)=XBP

65
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LIST OF FORTRAN PROGRAM

PLUG NGOZZLE ANALYSIS BY WUSING THE METHOD OF CHARACTERISTICS

RETURN
1006 FORMAT(1HO,6(3X,EL15.8),15)
END
SUBROUTINE FLDRTN (1)
DIMENSION YP{400),XP(400),TH(400),XMP{400),TP{400),PP(400),
LRXM({200) 4yRTH(200) 4RTP{200),RPP(200),VLP(400)
DIMENSION H(3),A(3),V(3),B(3),S(3)
COMMON YPyXP,THyXMP,TP4PPyRXMyRTH,RTPRPP,VLP,ROS,YS,GAM,GM1,0G,
LXMyNoPoT9RyL My JyN2,XXB2,YYB2yNU,JKNT,GPL,FE,RT
1,PA
WRITE{642)
2 FORMAT(1HO,40X,13HFIELD ROUTINE)
MS=1
CP=GAM#R/GM1
GO TO (23,23,24),12
23 Il=L
GO TO 25
24 11=M
25 DO 10 IJ=L,M

[TR=1
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LIST DF FORTRAN PROGRAM

Cs PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

GO 70 (32,32,18),12
18 J=J-1

GG TO 11

32 J=J+l

GO 10 33

33 GO 7O (11,12),12
12 IF(II-M)11,13,13
13 IF{(KNT-NUJj14,14,11
14 M§=2
ST=TP{J+1)
SP=PP{J+1)
SM=XMP(J+1)
SH=TH(J+1)
SX=XP(J+1)
SY=YP({J+1)
TP{J+1)=RTP(KNT)
PP{J+1)=RPP(KNT)
XMP{J+1)=RXM(KNT)
TH(J+1)=RTH(KNT)

XP{J+1l)=XXB2
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19

20

21

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING

YP(J+1)=YYB2

DO 8 I=1,2

GO TO (19,19,20),12
Ji=zj+]-1

G0 TO 21

Jl=J+2#]-2
H{I)=CP»TP({J1)*G
A(I1)=SQRT(GM1=H({I))
VII)=XMP(J1l)=AL])
B{I)=ARSIN(A(I)/V(I)})
PT=p#(2./GP1l)##(GAM/GML)

TT=T#(2./GPL)

THE METHOD OF CHARACTERISTICS

S(I)=CPeALOG({{TP(JL)/TT)/((PP(JL1)/PT) %= (GM1/GAM)])

CONTINUE
Ww=H{1)+vIil)sV(l)/2.
TPLID)=TP{J)
B(3)=8{(1)
TH{ITI)=TH(J)
S{3)=S(1)

A(3)=A(1)
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26

27

28

LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

vi3)=v(l)

GO TO (26426,27),112

JP=J+l

GO 10 28

JP=J+2
Z1=(TH(J)+B(L)+TH{II)+B(3)) /2.
22=(TH(JP}-B(2)+TH(II)=-B(3)})) /2.
Z4=(B(1)+B(3))/2.
15=(B(2)+B(3))/2.
Z6=(V({1)+V(3))/2.
27={(Vi2)+VI(3))/2.

112=C051(21)

113=C0S(22)

216=C0S(24)

217=C0S(Z5)
FORMAT{1HO0,6(3X,E15.8)415)
ZS=SIN(ZI)/112

19=SIN(Z2)/213

210=SIN(Z4)

Z11=SIN(15)
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

L14=116/210

215=2117/111

Z18=(TP(J)+TP(I1)) /2.

219=(TH{J)+TH(II)) /2.

220=(TH(JP)+TH(II)) /2.

12122.%218

2222 ({A{1)+A(3))/2.)%=2
XP{ILI)=(XP{J)+1./28#(YP(JP)-YP(J)-XP(JP)®23))/(1.-29/18)
125=XP(I1)~XP(JP)

226=XP(11)~XP(J)

YP{II)=YP(JP)+19#225

223=(YP(J)+YP(II)) /2.

224=(YP(JP)+YP(II))/2.
SI{3)=S({1)+{(S{2)-S{1))e226%(210/212))/(226%210/212+225%211/213)
VI3)=1e/(214/26+Z15/2T7 )% (TH{JP)-TH{J) 42147266V (1)+Z15/2T7aVI(2)+
1210#SIN{219)/(22328212)#226+711SIN(220)/(224%213)#225-218/(222)+2
210#216#(S(3)-S(1))#G-(218/222)%Z211#217%(S(3)-S(2))4G)
TH3P=TH{JI+(VI3)-V( (1)) »{Z14/26)-(219%SIN(Z19))/(223%712)e226+218/
1222#210+#216#(S(3)-S(1))+G

H{3)=W-V(3)eV(3)/2.

70
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68

67

66

LIST OF FORTRAN PRUGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

A(3)=5QRT(GH1#H(3))
TPIII)=GML*H(3)/(GAM=R+G)
IF(ITR-50)67,67,68
WRITE{(645)TH3P,TH(IL)

GO TO 6

IF(ITR-1)7,7,66
IF(ABS(TH3P-THIII))-.000001)6,6,7
B(3)=ARSIN(A{3}/V(3))

TH{II1)=TH3P

JITR=]ITR+1

GO TO 4

TH{II)=TH3P

VLPILI)=VI(3)

THPP=TH(I1)#57.29578
PPIII)=PP{J)#{(H(3)/H(1))*» (GAM/GM]1))/(EXP((S(3)=-S(1))/R))
XMP{II)=V(3)/A(3)

QX=XP(II)s1l2.

QY=YP({II)«1l2.

QP=PP(11)/144.

WRITE(6:5)QX,QYy XMP(IT),THPP,TP(II),CP(ITR

71




30

31
10

16

17

LIST

PLUG NOZZILE ANALYSIS

GO TO (30430,31),12

Ii=11+1

GO 70 10
I[1=11-1
CONTINUE

GO TO (17,16)4MS
TP{J+1)=ST
PP(J+1)=SP
XMP{J+1)=SM
TH{J+1)=SH
XP{J+1)=5X
YP{J+1)=SY
KNT=KNT+1
RETURN

END

SUBROUTINE BPRS

OF FORTRAN PROGRAM

8Y USING

THE METHOD OF CHARACTERISTICS

DIMENSION YP(400),XP{400),TH(400),XMP(400),TP(400),PP(400),

LRXM(2002yRTH(200)4RTP(200),RPP(200),VLP(400)

DIMENSION Z2C(100),2J{100),XM1{100),PBP1(100)

COMMON YP ¢ XPyTHyXMP TP PP sRXMyRTH,RTP,RPP,VLP4yROS,YS,GAMyGM1,G,
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LISYT OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OGOF CHARACTERISTICS

IXMaNaPsToReL )My JyN2, XXB2y YYB2yNUyKNT oGP Ly FE,RT
1,PA
COMMONZC,ZJ4yXM1,PBPLsNQ
DN=.1
K=l
XM2=1.5
2 CL=XM2%u2/{2./GM1+XM28n2)
QJ=TABLE1(2J,2C,CZ,NQ)
CD=QJ*QJ*CZ |
Il=}l./{({1l.~-CD)a»%(GAM/GML1))
Y22=({5.%(22~1.))/(TewXM2%82=5 w{77~1.)))un2u( (7 . #XM2uu2—(6,072+]1.
1))/ (6a%Z2+1.))
T34=ATAN(SQRT{(TZZ})
Wi=SQRT{(GPL/GML1)#ATAN(SQRT(GML/GPLla(XM2##2~1.)))-ATAN({SQRT{XM2
1##2-1.))=T34
CALL CONVRI2,XM,W1)
PLPO=(1.+GM1/2.4XM#2)
POP2=(1.+GM1/2.8XM22a2)
PBPLIK)=(P1PO/POP2)%s»{GAM/GML)

XM1{K)=XM




LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY WUSING THE METHOD OF CHARACTERISTICS

XM2=XM2+0M
K=K+l
I#F(K~100)7,7,41
7T IF{XM=6.)241,1
1 NQ=K-1
RETURN
END
SUBROUTINE CONVR{KODE,XM,ANGLE)
DIMENSION YP(400),XP(400)yTH{400),XMP(400),TP(400),PP{400),
1RXM{200)yRTH{200) ,RTP{200),RPP(200),VLP(400)
COMMON YPyXPyTHyXMP,TP,PPyRXMyRTH,RTP,RPP,VLP,R0OS,YSyGAM,GM1,G,
LXZyNyPyT9RyL, M9 J9yN2,XXB2,YYB2,NU,KNT,GP1,FE,RT
1,PA
60 TO (1,2),K0DE
C KODE=1~-INPUT M, COMPUTE ANGLE
c KODE=2--INPUT ANGLE,COMPUTE M
1 ANGLE=SQRT(GP1/GM1)*ATAN(SQRT{{(GML/GPLl)#(XMoXM~1.)))
1-ATAMISQRT {XMaXM-1.)).
RETURN

2 XM=10.
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

J=0

KEY=0

DXM=].
$5 IF(J-50)5,13,13
5 FMI=SQRT(GPl/GMl)'ATAN(SQRT(GHI/GPI-(XM'XM-I.)))—ATAN(SQRT(XMGXM
1-1.))
TEST=FMI-ANGLE
IF(KEY)4,443
4 XMaXM-DXM
IF(TEST)8,13,9
9 KEY=1
GO 70 5
8 KEY=2
GO TO 5
3 GO TO (6,7),KEY
6 IF{TEST)10,13,11
11 XM=XM-DXM
J=J+1
IF(ABS(TEST)-.000001)13,13,55

10 XM=XM+DXM
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LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTER‘STICS

DXM=DXM/10.
GO TO 11
7 IF(TEST)11,13,12
12 XN=XM+DXM
DXM=DXM/10.
G0 10 11
13 RETURN
END
FUNCTION TABLEL{(F1,F2,F3,NPTS)
DIMENSION F1{100),F2(100)
IF(FZ(i)—FZ(NPTS))230,230.235
235 DD 240 Ka1,4NPTS
I=K
IF(F211)-F3)30,20,240
240 CONTINUE
230 DO 10 K=1,NPTS
[=K
IF(F2(1)-F3)10,20,30
10 CONTINUE

20 TABLE1l=F1l(1)
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GO TO 40
30 {F(I-1)1,y1,2
1 TABLELl=Fl(1)
GO 1O 40
2 Al=F2(I-1)
A2aF1(I-1)
3 TABLE1=(F1(l)'AZ)*(FB-Al)/(FZIl)-Al);AZ
40 CONTINUE
RETURN
END

END~OF~-DATA ENCOUNTERED CN SYSTEM INPUT FILE.
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J=0
KEY=0
DXM=1.
55 IF(J-50)5,13,13
5 FMI=SQRT(GPL/GML)#ATAN({SQRT(GML/GPle(XM#XM=1.)))-ATAN[SQRT(XMaXM
1-1.))
TEST=FMI-ANGLE
IF(KEY)4,4,3
4 XMaXM=DXM
IF(TEST)8,13,9
9 KEY=1
GO TO 5
8 KEY=2
GO T0 5
3 GO TO [6,7),KEY
6 IF(TEST}10,13,11
11 XM=XM=DXM
J=J+l
IF(ABS(TEST)-.000001)13,13,55

10 XM=XM+DXM

78




LIST OF FORTRAN PROGRAM

PLUG NOZZLE ANALYSIS BY USING THE METHOD OF CHARACTERISTICS

DXM=DXM/10. - |
GO TU 11
T IF(TEST)LL,13,12
12 XN=XM+DXM
DXM=DXM/10.
GO TO 11
13 RETURN
END
FUNCTION TABLEL(FL1,F2,F3,NPTS)
DIMENSION F1{100),F2(100)
IF{E2(1)-F2(NPTS$))230,230,235
235 DO 240 K=1,NPTS
1=K
IF(F211)~F3)30,20,240
240 CONTINUE
230 DO 10 K=1,NPTS
1=K
IF(F2(1)-F3)10,20,30
10 CONTINUE

20 TABLEL=FLli{l)
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GO TO 40
30 IF(I-1)1y1,2
1 TABLEL=FL1(1]

GO TO 40

2 Al=F2(1-1)
A2=Fl(1-1)
3 TABLEL=(FL1(1)~A2)#(F3-AL)/(F2(1)=~AL)+A2
40 CONTINUE
RE TURN
END

END~OF~DATA ENCUUNTERED CN SYSTEM INPUT FILE.
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